Layoutindependent Fisheye Views of Nested Graphs Emanuel G▷ Noik ↼noik∂db▷toronto▷edu↽ Computer Systems Research Institute University of Toronto Toronto Canada M5S 1A1

Abstract Although a graph can be a useful device for visualiz ing complex relationships drawings of large graphs can be difαcult to comprehend▷ As one remedy we formulated a novel generalized approach for generating αsheye views of nested graphs with multiple variable focal points and de vised an algorithm that creates αsheye views in the absence of application speciαc distance metrics▷ Previous solutions produced αsheye views by αltering or distorting drawings of graphs▷ Since these approaches relied on geometric no tions of distance they could only be applied effectively in limited cases▷ By contrast our approach treats αsheye view generation as a phase that precedes graph layout rather than as a technique that alters an existing drawing and does not suffer these drawbacks▷

1 Introduction The graph topovisual formalism ♭6♯ is wellsuited to the task of visualizing complex relations on a set of elements ♭2 13 15 17 20♯▷ Large information spaces however must be depicted by large graphs thereby diminishing the effectiveness of the graph as a visualization device▷ To be fair this problem is not conαned to the graph. most visu alization techniques do not scale very well▷ In particular there is a limit to the amount of detail that can be effectively shown and discerned on a computer display, techniques such as pan and zoom facilitate the exploration of detailed visualizations but fail to integrate local detail and global context and often confuse the user▷ In response Furnas suggested an analogy to the wide angle or ℓαsheyeφ lens. the generalized αsheye view ♭4♯▷ By balancing local detail and global context αsheye views ↼FEVs↽ display informa tion at several levels of abstraction simultaneously▷ In this paper we describe a novel technique for generating FEVs of hierarchically nested graphs δ a generalization of a graph that allows nodes to be recursively contained within other nodes, whereas a graph depicts binary relations on a set of elements a nested graph can in addition express oneto many relations ♭6♯▷ Furnasφ generalized FEV technique relied upon an ab stract notion of a view element with an associated a priori importance ↼API↽ and a distance measure between any pair of elements▷ One element was selected to be the αsheye fo cal point ↼FP↽▷ A degree of interest ↼DOI↽ function computed a measure of the userφs interest in each element, the DOI increased with API and decreased with distance to the FP▷ A FEV was obtained by displaying only elements whose DOI exceeded a threshold▷ The exact formulations of the DOI and distance functions were expected to vary with each application▷ Recent applications of generalized FEVs can be loosely grouped into two categories. αltering FEVs and distorting FEVs▷ Filtering FEV approaches use thresholding to constrain the display of information to relevant or interesting ele ments and have remained more faithful to Furnasφ original conception▷ For example this approach was used to αlter the display of aircraft maintenance data ♭12♯ and to con trol the amount of output produced in response to boolean queries ♭5♯▷ Furnas described similar αltering FEVs of C programs and appointment calendars ♭4♯▷ One graph FEV approach ♭3♯ described in the next section also belongs in this category▷ Distorting FEV approaches on the other hand pursue the analogy to the αsheye lens further but in doing so they begin to depart from Furnas▷ The basic idea is to geomet rically distort visualizations to obtain visual αsheye effects δ rather than αltering elements distortion alters elementsφ positions shapes and sizes▷ Two graph FEV approaches ♭11 18♯ described in the next section are of this type▷ TreeMaps ♭8 21♯ and Cone Trees ♭16♯ are two techniques for visualizing hierarchical structures that incorporate FEV concepts by using shape and size distortion and 3D perspec tive respectively▷ Although not strictly a distorting FEV the Perspective Wall used to display linear information ♭9♯ is a related visualization technique▷

2 FEVs of graphs Several approaches for obtaining FEVs of graphs have been documented ♭3 11 18 19♯▷ Fairchild et▷ al described three αltering FEVs of the 3D networks of SemNet. clustering threedimensional point perspective and sampling density ♭3♯, all three strategies were deαned in terms of a single FP▷ Sarkar and Brown described a distorting FEV of graphs in which a drawing of a graph was subjected to a distortion that altered the positions and sizes of nodes ♭18♯▷ Although their solution could be implemented efαciently using special purpose graphics hardware it was limited to nonnested graphs with a single FP, a multiple variable FP technique was described subsequently ♭19♯▷ Misue and Sugiyama described three distorting FEVs. αsheye orthogonal αsheye and biform ♭11♯▷ These meth ods have been applied to drawings of compound digraphs ♭20♯ δ a nested graph formalism▷ The αrst two method employed distortions similar to Sarkar and Brownφs while the third used uniform scaling, all three methods supported multiple αxed strength FPs▷ The main problem with the above approaches is their reliance on a geometric interpretation of distance▷ Under this assumption the resulting FEV depends completely on the original drawing of the graph. elements positioned near a FP receive a higher DOI rating▷ Such approaches are therefore only effective in cases where the abstract distance between nodes corresponds to their proximity in the drawing ↼e▷g▷ transportation networks where nodes are positioned using cartographic data↽▷ This basic βaw was also noted in previous work ♭3 18♯▷ In this paper we overcome this limitation by proposing a novel layoutindependent FEV approach▷

3 Layoutindependent FEVs The crux of our approach is to generate FEVs by chang ing the size of each element in relation to its DOI before it is positioned by a layout algorithm rather than by altering an existing layout▷ Since our technique does not αlter or distort existing layouts it does not properly belong to either of the αltering and distorting FEV categories▷ Before presenting our generalized FEV formulation and the generic FP proximity algorithm we give deαnitions of basic terms and give a sketch of some graph layout and related concepts▷ The section concludes with examples and discussion▷ 3▷1 Preliminaries Graphs. A nested graph is G = ⟨G(V ), G(A), G(C)⟩⇔ ⊒⟨⌉∇⌉⇔ G(V ) is a set of vertices, G(A) ⊆ G(V ) × G(V ) is a

Figure 1: A sample graph and its nesting forest.

set of arcs, and G(C) ⊂ G(V ) × G(V ) is a set of containment arcs. Since we insist on hierarchical nesting, the nesting graph G_n = ⟨G_n(V ) = G(V ), G_n(A) = G(C), G_n(C) = ∅⟩ ⇕⊓∫⊔ ⌊⌉ ⊣ {≀∇⌉∫⊔ ≀{ ⊔∇⌉⌉∫↙ A ∫⟩⇕√↕⌉ \⌉∫⊔⌉⌈ }∇⊣√⟨ ⊣\⌈ ⟩⊔∫ \⌉∫⊔⟩\} {≀∇⌉∫⊔ ⊣∇⌉ ∫⟨≀⊒\ ⟩\ F⟩}⊓∇⌉ ∞↙ F≀∇ v ∈ G n(V ), anc(v) returns vφs ancestors desc(v) vφs descendants ch(v) vφs children and anc(v) ∩ desc(v) = {v}↙ V⌉∇⊔⌉§ }⌉≀⇕⌉⊔∇†¬ F≀∇ ↕⊣†≀⊓⊔ √⊓∇√≀∫⌉∫⇔ ⊔⟨⌉ }⌉≀⇕⌉⊔∇† ≀{ ⊣ ⊑⌉∇⊔⌉§ ⟩∫ ∫√⌉⌋⟩⊘⌉⌈ ∇⌉↕⊣⊔⟩⊑⌉ ⊔≀ ⊔⟨⌉ }⌉≀⇕⌉⊔∇† ≀{ ⟩⊔∫ √⊣∇⌉\⊔ ⟩\ Gn▷ This makes it possible to resize all vertices in the subtree rooted at v simply by changing the extents of v▷ The bounding box of v is computed as the smallest rectangle that fully encloses vφs label and subgraph of contained vertices▷ Graph layout. In drawing nested graphs topological nesting is naturally depicted by visual containment▷ A sim ple bottomup algorithm is. 1▷ foreach v ∈ Gn(V ) in postorder wrt G n(A) 2. layout graph ⟨ch(v), (ch(v) × ch(v)) ∩ G(A), ∅⟩ ∋↙ ⌋≀⇕√⊓⊔⌉ ⌊≀⊓\⌈⟩\} ⌊≀§ {≀∇ v 4▷ endfor 5▷ layout nonnested vertices Step 2 positions all vertices nested within a given vertex relative to one another▷ Similar layout algorithms have been described in the literature ♭3 7 10 13 20♯▷ As an aside notice that a composite layout strategy ♭7♯ can be realized simply by associating a speciαc layout algorithm with each vertex▷ 3▷2 Generalized FEVs of nested graphs In this formulation the abstract view elements are ver tices thus F ⊆ G(V ) is a set of FPs. The DOI of v ∈ G(V ) is expressed as: doi(v) = api(v) · (p · wt(v) + (1 − p) · proxim(v)) The functions api wt and proxim return nonnegative real values. api(v) is vφs API wt(v) is a generic measure of vφs proximity to the FPs proxim(v) is an application speciffc measure of vφs proximity to the FPs and 0 ≤ p ≤ 1 refiects the tradeoff between generic and domain-speciffc notions of distance. Note that api and proxim are αxed by the semantics of the application while wt is computed by our algorithm▷ To generate a FEV the following line must be inserted after Step 3 in the nested layout algorithm. uniformly scale the bounding box of v bypdoi(v) which increases the total area of vφs bounding box by doi(v), consistent with the interpretation that the amount of screen space allocated to an element should refiect its DOI. The function mag maps a FP to its nonnegative realvalued magniαcation▷ For example mag(f) = 4.0 implies that the area allocated to vertex f ∈ F in the FEV should be four times greater than what it would have been in a regular view▷ 3▷3 Generic FP proximity algorithm Given Gn, F, api, and mag the algorithm determines a mapping wt such that ∀ f ∈ F, Y v∈anc(f) wt(v) = mag(f).

Note that due to the relative geometry of vertices the αnal size of a vertex depends on the product of the weights of its ancestors▷ The above formula therefore says that in the absence of domainspeciαc distance metrics ↼i▷e▷ p = 1 in doi(f)), and in addition to api(f) contribution, each FP f will have its total area magniαed by mag(f).1 The trick, then, is to distribute the value mag(f) among the ancestors of f in such a way that the resulting layout will exhibit the desired FEV characteristics▷ Now we present the algorithm▷ Step 1. First for each vertex v ∈ G(V ) we compute key(v) = desc(v) ∩ F ▷ Figure 2 shows the keys associated with the vertices in the sample graph given F = {c, f, h, m}↙ V⌉∇⊔⟩⌋⌉∫ ⊔⟨⊣⊔ ∫⟨⊣∇⌉ ⊔⟨⌉ ∫⊣⇕⌉ ‖⌉† {≀∇⇕ ⊣ √⊣⊔⟨ ⟩\ ⊔⟨⌉ \⌉∫⊔⟩\} 1Note that 0 < mag(f ) < 1 could also be used to explicitly reduce fφs area▷

Figure 2. The markedup nesting forest of the sample graph▷ The labels of FP vertices have square corners while the rest have rounded corners▷

forest and are associated with the same FP. the pathφs sink s ∈ Gn(V ); if s ∉ F s is a composite FP ↼a least common ancestor of two or more FPs↽▷ In our example there are two composite FPs. a and b▷ The mapping fpSet(f) re- turns the set of vertices associated with FP f▷ For example fpSet(m) = {j, k, m} ⊣\⌈ fpSet(f) = {d, f}↙ S⊔⌉√ ∈¬ H⊣⊑⟩\} ≀⌊⊔⊣⟩\⌉⌈ ⊔⟨⌉ ‖⌉†∫⇔ ⊒⌉ }⌉\⌉∇⊣⊔⌉ ⊔⟨⌉ FP ⌋≀\↖ ⊔⊣⟩\⇕⌉\⊔ }∇⊣√⟨ G c = ⟨Gc(V ), Gc(A), ∅⟩↙ E⊣⌋⟨ v ∈ G c(V ) is a FP that either contains one or more FPs or is contained by a FP. G_c(A) ⊂ G_c(V ) × G_c(V ) is the set of (u, v) arcs such that u contains v and there is no w for which u con tains w and w contains v▷ Following our example Gc is the subgraph induced by the dashed arcs in Figure 2▷

Step 3. We now compute the values mag(f) for each composite FP f in a single postorder traversal of G_c▷ The magniαcation of each composite FP is a func tion of the set of FPs that it contains▷ For example mag(b) := μ({π(c, b), π(f, b)}), where π(u, v) = Y w∈fpSet(u)∪{v} δ(w, u, anc(u))

computes the product of vertex weights along the v to u path assuming that F = {u}⇔ ⊣\⌈ δ(v, f, S) is a function that assigns a weight to v assuming that mag(f) is distributed among the vertices in S▷ For the examples shown in this pa per μ(S) returns the minimum element in S while δ(v, f, S) distributes mag(f) evenly among all of the vertices in S ↼i▷e▷ δ(v, f, S) = mag(f)^{1j}S^j , ∀ v ∈ S↽▷ Next with a single postorder traversal of Gc for ev ery (u, v) ∈ G_c(A), we scale FP magniffcations as follows: mag(v) := mag(v) / mag(u). Step 4: Now we are ready to compute wt▷ First wt is initialized as follows. ∀ v ∈ G(V ), wt(v) := 1.0. Then, us- ing the scaled magniffcation values, for every FP f ↼both

Figure 3. A FEV of the sample nested graph▷

composite and original↽ and for every vertex v ∈ fpSet(f), we compute wt(v) := δ(v, f, fpSet(f)). 3.4 Examples

Figure 3 shows a FEV of the sample graph with FPs {c, f, h, m}⇔ ⟨⊣⊑⟩\} ⇕⊣}\⟩⊘⌋⊣⊔⟩≀\∫ 2, 4, 8 and 16, respec- tively. A large ‘real-life’ example, an object code memory overlay diagram and its FEV are shown in Figure 4. The overlay diagram depicts a nested series-parallel network that speciffes how a large object code program is partitioned into independent overlay modules to improve run-time performance by minimizing disk thrashing [2]. Although a zoom feature could be used to study individual portions of this diagram, a FEV allows the user to explore several areas simultaneously without sacriffcing context.

3.5 Discussion

Having described the algorithm, several points require further clariffcation.

While most FEV algorithms compute the distance component of DOI for every element in the structure, our algorithm distributes a FP’s magniffcation among its ancestors. This decision can be justiffed by observing that since the ffnal size of a vertex depends on the weights of its ancestors, spreading mag(f) among vertices in anc(f) results in the fortuitous side-effect of generating a FEV.

Although our weight assignment algorithm uses only the nesting information G(C) and ignores the arcs G(A), the arc information could be refiected in the DOI through the application speciffc proximity mapping proxim▷ Superαcially our approach bears some resemblance to TreeMaps♭8 21♯ in which a hierarchy is depicted by nested rectangles δ the size of a rectangle reβects its DOI ↼speci αed as a fraction of its parentφs DOI↽▷ There are however a number of differences▷ TreeMaps a hierarchy viewing technique. ↼1↽ employs a αxed topdown layout algorithm which is tuned for efαcient usage of screen space by ar bitrarily changing the shapes of vertices ↼our bottomup approach supports composite general graph layout algo rithms↽, ↼2↽ does not explicitly differentiate between the API and distance components of the DOI ↼we do↽, and most importantly ↼3↽ does not attempt to compute the DOI of each vertex given a set of FPs▷ It would be fair to sug gest that our algorithm could be adapted to automatically determine the DOI values for use with TreeMaps▷

4 Implementation Most of the αgures shown in this paper were produced by a set of Unix programs ♭14♯ developed at the Univer sity of Toronto▷ The entire software package comprises approximately 12000 lines of C⇁⇁ source code and in cludes programs that can perform composite graph layout of nested graphs produce several types of FEV visualiza tions and convert graphs into encapsulated PostScript αles▷ This software has been incorporated into several systems including Hy⇁ ♭1♯ and 4Thought ♭2 17♯▷

5 Future directions The approach outlined in this paper suggests several di rections for future research▷ Although the simple formulations of the vertex weight distribution function δ and the composite FP magniαcation function μ seem adequate in the absence of domainspeciαc distance metrics alternative formulations are currently be ing studied▷ For example rather than distributing weights evenly a formulation of δ(v, f, S) that increases the weights of vertices near f while decreasing the weights of others may produce better FEVs▷ Similarly alternative formula tions of μ may yield more aesthetically pleasing results▷ A FEV strategy should not be regarded simply as a way to generate static visualizations but as an integral part of a highly interactive process▷ This application suggests the need for an incremental version of the algorithm▷ In the sim plest case such an algorithm should provide efαcient means to handle insertions and deletions of FPs by minimizing the number of times that layout must be repeated▷ Furthermore special cases such as the deletion followed by insertion of same FP ↼i▷e▷ FP migration↽ should be investigated▷ In an interactive application the problem of layout sta bility ♭13♯ may arise in the form of FP updates that cause unpredictable changes in the resulting layout as many lay out algorithms are sensitive to the sizes and shapes of ver tices ↼e▷g▷ a grid layout that computes the size and shape of each grid cell based on the dimensions of vertices↽▷ A simple approach would be to force subsequent relayout to use original layout settings at the risk of producing less ef fective layouts, a more challenging solution would be to

Figure 4. A code overlay diagram ↼bottom↽ and its FEV given F = {menuhide, imgtifwrite}↙

⌈⌉⊔⌉∇⇕⟩\⌉ ⇕≀⌈⟩⊘⌉⌈ ↕⊣†≀⊓⊔ ∫⌉⊔⊔⟩\}∫ ⊔⟨⊣⊔ ∇⌉∫⊓↕⊔ ⟩\ ⊣ ⇕⌉⊣∫⊓∇↖ ⊣⌊↕⌉ ⌋≀⇕√∇≀⇕⟩∫⌉ ⌊⌉⊔⊒⌉⌉\ ∫⊔⊣⌊⟩↕⟩⊔† ⊣\⌈ ⌉{{⌉⌋⊔⟩⊑⌉\⌉∫∫↙

̸C≀\⌋↕⊓∫⟩≀\ A↕⊔⟨≀⊓}⟨ ⊔⟨⌉ }∇⊣√⟨ ⌋⊣\ ⌊⌉ ⊣ ⟨⌉↕√{⊓↕ ⊔≀≀↕ ⟩\ ⊔⟨⌉ ∫⊔⊓⌈† ≀{ ⌋≀⇕√↕⌉§ ∇⌉↕⊣⊔⟩≀\∫⟨⟩√∫⇔ ⌈∇⊣⊒⟩\}∫ ≀{ ↕⊣∇}⌉ }∇⊣√⟨∫ ⌋⊣\ ⌊⌉ ⌈⟩{↖ ⊘⌋⊓↕⊔ ⊔≀ ⌋≀⇕√∇⌉⟨⌉\⌈↙ A∫ ≀\⌉ ∫⊔∇⊣⊔⌉}† {≀∇ ⌋≀√⟩\} ⊒⟩⊔⟨ ⊔⟨⟩∫ √∇≀⌊↕⌉⇕⇔ ⊒⌉ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⊣ }⌉\⌉∇⊣↕⟩‡⌉⌈ ⊣√√∇≀⊣⌋⟨ {≀∇ }⌉\⌉∇⊣⊔↖ ⟩\} ↕⊣†≀⊓⊔↖⟩\⌈⌉√⌉\⌈⌉\⊔ FEV∫ ≀{ \⌉∫⊔⌉⌈ }∇⊣√⟨∫ ⊒⟩⊔⟨ ⇕⊓↕⊔⟩√↕⌉ ⊑⊣∇⟩⊣⌊↕⌉ {≀⌋⊣↕ √≀⟩\⊔∫⇔ ⊣\⌈ √∇⌉∫⌉\⊔⌉⌈ ⊣\ ⊣↕}≀∇⟩⊔⟨⇕ ⊔⟨⊣⊔ ⌋≀⇕↖ √⊓⊔⌉∫ FEV∫ ⟩\ ⊔⟨⌉ ⊣⌊∫⌉\⌋⌉ ≀{ ⊣√√↕⟩⌋⊣⊔⟩≀\ ∫√⌉⌋⟩⊘⌋ ⌈⟩∫⊔⊣\⌋⌉ ⇕⌉⊔∇⟩⌋∫↙ O⊓∇ ⊣√√∇≀⊣⌋⟨ ⌋⊣\ ⌊⌉ ⊣√√↕⟩⌉⌈ ⊔≀ ⇕≀∫⊔ √∇≀⌊↕⌉⇕∫ ⟩\⊑≀↕⊑⟩\} ⟨⟩⌉∇⊣∇⌋⟨⟩⌋⊣↕↕† \⌉∫⊔⌉⌈ ∫⊔∇⊓⌋⊔⊓∇⌉∫ ⊣\⌈ ⌈≀⌉∫ \≀⊔ ∫⊓{↖ {⌉∇ ⊔⟨⌉ ∫⟨≀∇⊔⌋≀⇕⟩\}∫ ≀{ ⌉§⟩∫⊔⟩\} ∫≀↕⊓⊔⟩≀\∫↙ I\ √⊣∇⊔⟩⌋⊓↕⊣∇⇔ ∫⟩\⌋⌉ ≀⊓∇ ⊔⌉⌋⟨\⟩∐⊓⌉ ⌈≀⌉∫ \≀⊔ ∇⌉↕† ≀\ }⌉≀⇕⌉⊔∇⟩⌋ \≀⊔⟩≀\∫ ≀{ ⌈⟩∫⊔⊣\⌋⌉⇔ ⟩⊔ ⟩∫ \≀⊔ ∫⌉\∫⟩⊔⟩⊑⌉ ⊔≀ ⊔⟨⌉ ≀∇⟩}⟩\⊣↕ ↕⊣†≀⊓⊔ ≀{ ⊣ }∇⊣√⟨ ⊣\⌈ ⊔⟨⊓∫ ⟩⊔∫ ⊓∫⌉ ⟩∫ \≀⊔ ↕⟩⇕⟩⊔⌉⌈ ⊔≀ }∇⊣√⟨∫ ⊒⟨≀∫⌉ ↕⊣†≀⊓⊔∫ ⊣∇⌉ ⌊⊣∫⌉⌈ ≀\ ⌋⊣∇⊔≀}∇⊣√⟨⟩⌋ ⌋∇⟩⊔⌉∇⟩⊣↙ A⌋‖\≀⊒↕⌉⌈}⌉⇕⌉\⊔∫ T⟨⟩∫ ⊒≀∇‖ ⟩∫ ⊣ √⊣∇⊔ ≀{ ≀\↖}≀⟩\} ∇⌉∫⌉⊣∇⌋⟨ ⟩\ ∇⌉↕⊣⊔⟩≀\⊣↕ ⌈⊣⊔⊣ ⊑⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\ ⊒⟩⊔⟨⟩\ ⊔⟨⌉ ⌈⊣⊔⊣⌊⊣∫⌉ }∇≀⊓√ ⊣⊔ ⊔⟨⌉ U\⟩⊑⌉∇∫⟩⊔† ≀{ T≀∇≀\⊔≀↙ I ⊣⇕ }∇⊣⊔⌉{⊓↕ ⊔≀ A↕⌊⌉∇⊔≀ M⌉\⌈⌉↕‡≀\ ⊣\⌈ ≀⊔⟨⌉∇ ⇕⌉⇕⌊⌉∇∫ ≀{ ⊔⟨⟩∫ }∇≀⊓√ {≀∇ ⊔⟨⌉⟩∇ ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\∫↙ I ⊒≀⊓↕⌈ ⊣↕∫≀ ↕⟩‖⌉ ⊔≀ ⊔⟨⊣\‖ ⊔⟨⌉ ⊣\≀\†⇕≀⊓∫ ∇⌉⊑⟩⌉⊒⌉∇∫ {≀∇ ⊔⟨⌉⟩∇ ⇕⊣\† ⌋≀\∫⊔∇⊓⌋⊔⟩⊑⌉ ⌋∇⟩⊔⟩⌋⟩∫⇕∫ ⊣\⌈ ∫⊓}}⌉∫⊔⟩≀\∫↙

R⌉{⌉∇⌉\⌋⌉∫ ∪∞⊎ M↙P↙ C≀\∫⌉\∫⇔ I↙F↙ C∇⊓‡⇔ ⊣\⌈ A↙O↙ M⌉\⌈⌉↕‡≀\↙ V⟩∫⊓⊣↕⟩‡⟩\} Q⊓⌉∇⟩⌉∫ ⊣\⌈ Q⊓⌉∇†⟩\} V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\∫↙ ACM SIGMOD R⌉⌋≀∇⌈⇔ ∈∞⇐∞⇒¬∋∃∘△⇎ M⊣∇↙ ∞∃∃∈↙ ∪∈⊎ M↙P↙ C≀\∫⌉\∫⇔ A↙O↙ M⌉\⌈⌉↕‡≀\⇔ ⊣\⌈ A↙G R†⇕⊣\↙ V⟩∫⊓⊣↕⟩‡⟩\} ⊣\⌈ Q⊓⌉∇†⟩\} S≀{⊔⊒⊣∇⌉ S⊔∇⊓⌋⊔⊓∇⌉∫↙ I\ ∞△⊔⟨ I\⊔↕↙ C≀\{↙ ≀\ S≀{⊔⊒⊣∇⌉ E\}⟩\⌉⌉∇⟩\}⇔ √⊣}⌉∫ ∞∋∀∘∞▽⇎ ∞∃∃∈↙ ∪∋⊎ K↙M↙ F⊣⟩∇⌋⟨⟩↕⌈⇔ S↙E↙ P≀↕⊔∇≀⌋‖⇔ ⊣\⌈ G↙W↙ F⊓∇\⊣∫↙ S⌉⇕↖ N⌉⊔¬ T⟨∇⌉⌉↖D⟩⇕⌉\∫⟩≀\⊣↕ G∇⊣√⟨⟩⌋ R⌉√∇⌉∫⌉\⊔⊣⊔⟩≀\∫ ≀{ L⊣∇}⌉ K\≀⊒↕⌉⌈}⌉ B⊣∫⌉∫↙ I\ R↙ G⊓⟩\⌈≀\⇔ ⌉⌈⟩⊔≀∇⇔ C≀}\⟩⊔⟩⊑⌉ S⌋⟩⌉\⌋⌉ ⊣\⌈ ⟩⊔∫ A√√↕⟩⌋⊣⊔⟩≀\∫ {≀∇ H⊓⇕⊣\↖C≀⇕√⊓⊔⌉∇ I\⊔⌉∇⊣⌋⊔⟩≀\⇔ √⊣}⌉∫ ∈′∞∘∈∋∋↙ L⊣⊒∇⌉\⌋⌉ E∇↕⌊⊣⊓⇕ A∫∫≀⌋⟩⊣⊔⌉∫⇔ ∞∃∀∀↙ ∪△⊎ G↙W↙ F⊓∇\⊣∫↙ G⌉\⌉∇⊣↕⟩‡⌉⌈ F⟩∫⟨⌉†⌉ V⟩⌉⊒∫↙ I\ ACM CHI ≃∀⇎ √⊣}⌉∫ ∞∘̸∈∋⇔ B≀∫⊔≀\⇔ MA⇔ A√∇↙ ∞∃∀↙̸ ACM↙ ∪▽⊎ R↙ G≀⌈⟩\⇔ J↙ G⌉⌋∫⌉⟩⇔ ⊣\⌈ C↙ P⟩⌋⟨⌉⊔↙ D⌉∫⟩}\ ≀{ ⊣ ⌊∇≀⊒∫⟩\} ⟩\⊔⌉∇{⊣⌋⌉ {≀∇ ⟩\{≀∇⇕⊣⊔⟩≀\ ∇⌉⊔∇⟩⌉⊑⊣↕↙ I\ ACM SIGIR ≃∀∃⇔ √⊣}⌉∫ ∋∈∘∋∃↙ ACM⇔ J⊓\↙ ∞∃∀∃↙ ∪⊎̸ D↙ H⊣∇⌉↕↙ O\ V⟩∫⊓⊣↕ F≀∇⇕⊣↕⟩∫⇕∫↙ C≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\∫ ≀{ ⊔⟨⌉ ACM⇔ ∋∞⇐▽⇒¬▽∞△∘▽∋′⇔ M⊣†↙ ∞∃∀∀↙

∪⊎ T↙R↙ H⌉\∇† ⊣\⌈ S↙E↙ H⊓⌈∫≀\↙ I\⊔⌉∇⊣⌋⊔⟩⊑⌉ G∇⊣√⟨ L⊣†≀⊓⊔↙ I\ UIST ≃∃∞⇔ √⊣}⌉∫ ▽▽∘△̸↙ ACM⇔ ∞∃∃∞↙ ∪∀⊎ B↙ J≀⟨\∫≀\ ⊣\⌈ B↙ S⟨\⌉⟩⌈⌉∇⇕⊣\↙ T∇⌉⌉↖M⊣√∫¬ A S√⊣⌋⌉↖F⟩↕↕⟩\} A√√∇≀⊣⌋⟨ ⊔≀ ⊔⟨⌉ V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\ ≀{ H⟩⌉∇⊣∇⌋⟨⟩⌋⊣↕ I\{≀∇⇕⊣⊔⟩≀\ S⊔∇⊓⌋⊔⊓∇⌉∫↙ I\ IEEE V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\ ≃∃∞⇔ √⊣}⌉∫ ∈∀△∘∈∃∞⇔ ∞∃∃∞↙ ∪∃⊎ J↙D↙ M⊣⌋‖⟩\↕⊣†⇔ G↙G↙ R≀⌊⌉∇∫≀\⇔ ⊣\⌈ S↙K↙ C⊣∇⌈↙ T⟨⌉ P⌉∇∫√⌉⌋↖ ⊔⟩⊑⌉ W⊣↕↕¬ D⌉⊔⊣⟩↕ ⊣\⌈ C≀\⊔⌉§⊔ S⇕≀≀⊔⟨↕† I\⊔⌉}∇⊣⊔⌉⌈↙ I\ ACM CHI ≃∃∞⇔ √⊣}⌉∫ ∞∋∘∞∃↙ ACM⇔ A√∇↙ ∞∃∃∞↙ ∪∞′⊎ E↙B↙ M⌉∫∫⟩\}⌉∇⇔ L↙A↙ R≀⊒⌉⇔ ⊣\⌈ R↙R↙ H⌉\∇†↙ A D⟩⊑⟩⌈⌉↖ ⊣\⌈↖C≀\∐⊓⌉∇ A↕}≀∇⟩⊔⟨⇕ {≀∇ ⊔⟨⌉ A⊓⊔≀⇕⊣⊔⟩⌋ L⊣†≀⊓⊔ ≀{ L⊣∇}⌉ D⟩∇⌉⌋⊔⌉⌈ G∇⊣√⟨∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ S†∫⊔⌉⇕∫⇔ M⊣\⇔ ⊣\⌈ C†⌊⌉∇\⌉⊔⟩⌋∫⇔ ∈∞⇐∞⇒¬∞∘∞∈⇔ ∞∃∃∞↙ ∪∞∞⊎ K↙ M⟩∫⊓⌉ ⊣\⌈ K↙ S⊓}⟩†⊣⇕⊣↙ M⊓↕⊔⟩↖⊑⟩⌉⊒√≀⟩\⊔ P⌉∇∫√⌉⌋⊔⟩⊑⌉ D⟩∫√↕⊣† M⌉⊔⟨≀⌈∫¬ F≀∇⇕⊓↕⊣⊔⟩≀\ ⊣\⌈ A√√↕⟩⌋⊣⊔⟩≀\ ⊔≀ C≀⇕√≀⊓\⌈ G∇⊣√⟨∫↙ I\ △⊔⟨ I\⊔↕↙ C≀\{↙ ≀\ H⊓⇕⊣\↖C≀⇕√⊓⊔⌉∇ I\⊔⌉∇⊣⌋⊔⟩≀\⇔ ⊑≀↕⊓⇕⌉ ∞⇔ √⊣}⌉∫ ∀∋△∘∀∋∀⇔ S⊔⊓⊔⊔}⊣∇⊔⇔ G⌉∇⇕⊣\†⇔ S⌉√↙ ∞∃∃∞↙ E↕∫⌉⊑⟩⌉∇↙ ∪∞∈⊎ D↙A↙ M⟩⊔⊔⊣↙ A F⟩∫⟨⌉†⌉ P∇⌉∫⌉\⊔⊣⊔⟩≀\ S⊔∇⊣⊔⌉}†¬ A⟩∇⌋∇⊣{⊔ M⊣⟩\↖ ⊔⌉\⊣\⌋⌉ D⊣⊔⊣↙ I\ INTERACT ≃∃′⇔ √⊣}⌉∫ ∀▽∘∀∀′↙ IFIP⇔ E↕∫⌉↖ ⊑⟩⌉∇⇔ ∞∃∃′↙ ∪∞∋⊎ F↙ N⌉⊒⌊⌉∇† P⊣⊓↕⟩∫⌋⟨ ⊣\⌈ W↙F↙ T⟩⌋⟨†↙ EDGE¬ A\ E§⊔⌉\∫⟩⌊↕⌉ G∇⊣√⟨ E⌈⟩⊔≀∇↙ S≀{⊔⊒⊣∇⌉∘P∇⊣⌋⊔⟩⌋⌉ ⊣\⌈ E§√⌉∇⟩⌉\⌋⌉⇔ ∈′⇐S∞⇒¬∌∘ ∀∀⇔ J⊓\↙ ∞∃∃′↙ ∪∞△⊎ E↙G↙ N≀⟩‖↙ U\⟩§ F⟩↕⊔⌉∇∫ ⊔≀ D∇⊣⊒ ⊣\⌈ M⊣\⟩√⊓↕⊣⊔⌉ GXF G∇⊣√⟨∫↙ I\ A↙O↙ M⌉\⌈⌉↕‡≀\⇔ ⌉⌈⟩⊔≀∇⇔ D⌉⌋↕⊣∇⊣⊔⟩⊑⌉ ⌈⊣⊔⊣⌊⊣∫⌉ ⊑⟩↖ ∫⊓⊣↕⟩‡⊣⊔⟩≀\¬ ∇⌉⌋⌉\⊔ √⊣√⌉∇∫ {∇≀⇕ ⊔⟨⌉ H†⇓∝G∇⊣√⟨L≀} √∇≀|⌉⌋⊔↙ F≀∇⊔⟨⌋≀⇕⟩\} ⊔⌉⌋⟨\⟩⌋⊣↕ ∇⌉√≀∇⊔⇔ CSRI⇔ U↙ ≀{ T≀∇≀\⊔≀⇔ ∞∃∃∋↙ ∪∞▽⊎ J↙ R⊣⇕⊣\⊣⊔⟨⊣\ ⊣\⌈ R↙L↙ H⊣∇⊔⊓\}↙ A G⌉\⌉∇⟩⌋ I⌋≀\⟩⌋ T≀≀↕ {≀∇ V⟩⌉⊒⟩\} D⊣⊔⊣⌊⊣∫⌉∫↙ IEEE S≀{⊔⊒⊣∇⌉⇔ ⇍∃⇒¬▽′∘▽⇔ S⌉√↙ ∞∃∀∃↙ ∪∞⊎̸ G↙G↙ R≀⌊⌉∇⊔∫≀\⇔ J↙D↙ M⊣⌋‖⟩\↕⊣†⇔ ⊣\⌈ S↙K↙ C⊣∇⌈↙ C≀\⌉ T∇⌉⌉∫¬ A\⟩⇕⊣⊔⌉⌈ ∋D V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\∫ ≀{ H⟩⌉∇⊣∇⌋⟨⟩⌋⊣↕ I\{≀∇⇕⊣⊔⟩≀\↙ I\ ACM CHI ≃∃∞⇔ √⊣}⌉∫ ∞∀∃∘∞∃△↙ ACM⇔ A√∇↙ ∞∃∃∞↙ ∪∞⊎ A↙G↙ R†⇕⊣\↙ F≀⊓\⌈⊣⊔⟩≀\∫ ≀{ △T⟨≀⊓}⟨⊔↙ I\ CAS ≃∃∈⇔ √⊣}⌉∫ ∞∋∋∘∞▽▽⇔ T≀∇≀\⊔≀⇔ C⊣\⊣⌈⊣⇔ N≀⊑↙ ∞∃∃∈↙ ∪∞∀⊎ M↙ S⊣∇‖⊣∇ ⊣\⌈ M↙H↙ B∇≀⊒\↙ G∇⊣√⟨⟩⌋⊣↕ F⟩∫⟨⌉†⌉ V⟩⌉⊒∫ ≀{ G∇⊣√⟨∫↙ I\ ACM CHI ≃∃∈⇔ √⊣}⌉∫ ∀∋∘∃∞⇔ M≀\⊔⌉∇⌉†⇔ CA⇔ M⊣†↙ ∞∃∃∈↙ ACM↙ ∪∞∃⊎ M↙ S⊣∇‖⊣∇ ⊣\⌈ S↙P↙ R⌉⟩∫∫↙ M⊣\⟩√⊓↕⊣⊔⟩\} S⌋∇⌉⌉\ S√⊣⌋⌉ ⊒⟩⊔⟨ S⊔∇⌉⊔⌋⟨ T≀≀↕∫¬ V⟩∫⊓⊣↕⟩‡⟩\} L⊣∇}⌉ S⊔∇⊓⌋⊔⊓∇⌉ ≀\ S⇕⊣↕↕ S⌋∇⌉⌉\↙ T⌉⌋⟨\⟩⌋⊣↕ R⌉√≀∇⊔ CS↖∃∈↖△∈⇔ D⌉√⊔↙ ≀{ C≀⇕√↙ S⌋⟩↙⇔ B∇≀⊒\ U↙⇔ S⌉√↙ ∞∃∃∈↙ ∪∈′⊎ K↙ S⊓}⟩†⊣⇕⊣ ⊣\⌈ K↙ M⟩∫⊓⌉↙ V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\ ≀{ S⊔∇⊓⌋⊔⊓∇⊣↕ I\{≀∇↖ ⇕⊣⊔⟩≀\¬ A⊓⊔≀⇕⊣⊔⟩⌋ D∇⊣⊒⟩\} ≀{ C≀⇕√≀⊓\⌈ D⟩}∇⊣√⟨∫↙ IEEE T∇⊣\∫⊣⌋⊔⟩≀\∫ ≀\ S†∫⊔⌉⇕∫⇔ M⊣\⇔ ⊣\⌈ C†⌊⌉∇\⌉⊔⟩⌋∫⇔ ∈∞⇐△⇒¬∀∘̸ ∀∃∈⇔ ∞∃∃∞↙ ∪∈∞⊎ D↙ T⊓∇≀ ⊣\⌈ B↙ J≀⟨\∫≀\↙ I⇕√∇≀⊑⟩\} ⊔⟨⌉ V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\ ≀{ H⟩⌉∇⊣∇⌋⟨⟩⌉∫ ⊒⟩⊔⟨ T∇⌉⌉⇕⊣√∫¬ D⌉∫⟩}\ I∫∫⊓⌉∫ ⊣\⌈ E§√⌉∇⟩⇕⌉\⊔⊣↖ ⊔⟩≀\↙ I\ IEEE V⟩∫⊓⊣↕⟩‡⊣⊔⟩≀\ ≃∃∈⇔ √⊣}⌉∫ ∞∈△∘∞∋∞⇔ B≀∫⊔≀\⇔ MA⇔ ∞∃∃∈↙